Background and Purpose-For a biomarker to serve as an auxiliary or surrogate outcome measure, it must be tightly correlated with and causally related to functional clinical outcome. Vessel recanalization is a potential surrogate outcome marker for functional outcome in trials of thrombolytic and mechanical recanalization therapies in acute stroke, but the correlation of recanalization and clinical outcome has not been previously systematically reviewed. Methods-Through Medline search, we identified and abstracted recanalization and outcome data from all articles published between 1985 and 2002 that assessed vessel recanalization, either spontaneous or therapeutically induced, in acute ischemic stroke. Results-Fifty-three studies encompassing 2066 patients reported recanalization rates. Recanalization rates categorized according to intervention were: spontaneous (24.1%), intravenous fibrinolytic (46.2%), intra-arterial fibrinolytic (63.2%), combined intravenous-intra-arterial (67.5%), and mechanical (83.6%). Clinical outcome data categorized by success or failure in achieving recanalization was available from 33 articles encompassing 998 patients. Good functional outcomes at 3 months were more frequent in recanalized versus nonrecanalized patients with odds ratio of 4.43 (95% CI, 3.32 to 5.91). Three-month mortality was reduced in recanalized patients (odds ratio, 0.24; 95% CI, 0.16 to 0.35).
T hrombolytic stroke therapy is based on the "recanalization hypothesis," ie, that reopening of occluded vessels improves clinical outcome in acute ischemic stroke through regional reperfusion and salvage of threatened tissues. Though usually taken for granted, the recanalization hypothesis in stroke has sometimes been challenged. 1 Several biologic factors may weaken the relationship of recanalization to outcome in acute ischemic stroke patients. Recanalization of large arteries may not yield effective tissue reperfusion because of persisting distal emboli and microcirculatory occlusions (noreflow phenomenon). Recanalization may occur too late to benefit ischemic tissues. Adequate collateral circulation may have protected tissues even without recanalization. Recanalization may exacerbate tissue injury by promoting reperfusion injury, excessive cerebral edema, and hemorrhagic transformation. Some case series have failed to identify a correlation between recanalization and outcome (see references 44 and 47 of supplemental Table I , available at http://stroke.ahajournals.org).
Confirming the recanalization hypothesis and characterizing the strength of the association of recanalization with clinical outcomes in acute ischemic stroke is particularly important now that clinical trialists and regulatory agencies are increasingly adopting recanalization as a biomarker of treatment activity in human clinical trials. Rates of recanalization are now routinely used as efficacy measures in phase 2 trials of thrombolytic agents, for example, to identify the most promising dose regimens to advance to phase 3 pivotal studies. 2 Most recently, the Food and Drug Administration used the efficacy end point of recanalization rate as the basis of labeled approval of the MERCI Retriever mechanical thrombectomy for use in patients experiencing ischemic stroke. 3 Under the Food and Drug Administration's 510K pathway, new mechanical thrombectomy devices can now similarly gain approval on the basis of recanalization, not clinical, efficacy, demonstrating similar or better recanalization rates than the approved MERCI Retriever device. 4 For a biomarker to serve as an auxiliary or surrogate outcome measure, it must be not only causally related to but also tightly correlated with functional clinical outcome. 5 Consequently, establishing the strength of the association between recanalization and clinical outcomes is critically important. Because the recanalization hypothesis has not previously been systematically assessed in acute ischemic stroke, we undertook a formal meta-analytic study. The meta-analysis was designed to address several issues: (1) the rates of recanalization that occur with active therapy versus spontaneously, and variations in these rates associated with different recanalization interventions, different target vessels, and different stroke subtypes; (2) the association of recanalization with the clinical outcomes of mortality and functional independence, and influences on these associations of the timing and degree of recanalization; and (3) the association of recanalization with the development of hemorrhagic transformation.
Features of Included Studies

Materials and Methods
Medline was searched to identify all published reports addressing recanalization and clinical outcome in acute ischemic stroke published through the end of 2002. Search key words included recanalization, reperfusion, reopening, thrombolysis, or thrombolytic therapy, combined with ischemic stroke, cerebral ischemia, or cerebrovascular disorder. Published conference proceedings (Thrombolytic Therapy in Acute Ischemic Stroke I & II, 1991 and 1998, respectively) were also searched. The inclusion criterion for the analysis of recanalization rates by treatment modality was that a study reported recanalization rates separately for each treatment modality. The inclusion criterion for the analysis of the association of recanalization with clinical outcome was that a study reported clinical outcome separately in patients experiencing and not experiencing recanalization. Exclusion criteria were: (1) single case report or small case series with Ͻ5 patients; (2) study reports recanalized cases only or nonrecanalized cases only; and (3) assessment of recanalization performed Ͼ24 hours after symptom onset. When multiple articles drew on the same datasets, data were abstracted only once from the most comprehensive available report. Case series, case-controlled studies, and randomized controlled trial were all included. After one of the authors (J.-H.R.) searched and selected the relevant articles, the other author (J.L.S.) reviewed and confirmed the inclusion of the study. When further data were needed, personal communication to the corresponding author was attempted.
For timing analyses, timing of assessment of recanalization was dichotomized into early (Յ6 hours after symptom onset) and late (6 to 24 hours). Sometimes the actual recanalization time was not equal to the assessment time of the recanalization (such as intravenous [IV] thrombolysis and later assessment of recanalization). In many intra-arterial (IA) fibrinolysis series, only the time to start of fibrinolytic therapy was presented, with no data presented regarding the exact time of recanalization. In these cases, if recanalization was achieved, it was presumed that recanalization occurred within 2 hours after procedure start. To rate degree of recanalization, the Thrombolysis in Myocardial Ischemia scale was used for the angiographic studies, 6 and the Thrombolysis in Brain Ischemia scale for transcranial Doppler studies. 7 Recanalization was considered achieved when Thrombolysis in Myocardial Ischemia scale grade was 2 (partial) or 3 (complete), and when Thrombolysis in Brain Ischemia scale grade was 2 to 3 (partial) or 4 to 5 (complete). For vessel location analyses, vessel sites were classified into 3 groups: the middle cerebral artery and anterior cerebral artery, the internal carotid artery, and the vertebral and basilar arteries.
Good outcome was defined as functional independence, demonstrated by modified Rankin score Յ2. When no modified Rankin score assessment was recorded in an article, the most comprehensive measure of global outcome reported in the study was used instead. When the authors of the study had their own definition of functional independence, that definition was just followed (in 14 studies). When the National Institute of Health Stroke Scale was the most comprehensive measure (in 3 studies), a score Յ4 at subacute stage defined good outcome. When available, outcome status 3 months poststroke was used. If assessments at 3 months were not performed, the reported final assessment closest in time to 3 months was used, ranging from status at discharge to status 6 months after onset.
For symptomatic intracerebral hemorrhage, cases rated as symptomatic intracerebral hemorrhage, according to whatever definition the authors used, were considered to have symptomatic intracerebral hemorrhage. If no rating of symptomatic intracerebral hemorrhage was advanced, but radiologic classification of hemorrhages was performed using published criteria, 8 parenchymal hematoma was considered to be equivalent to symptomatic hemorrhagic transformation, whereas hemorrhagic infarction was considered to be asymptomatic.
For the comparison of recanalization and hemorrhage rate, Pearson 2 test was used. For the meta-analysis of good functional outcome and mortality at 3 months, forest plots and statistical analysis including Peto odds ratios with 95% CIs based on the fixed model were performed using Review Manager 4.1. Statistical tests of heterogeneity were performed by Mantel-Haenszel method and revealed no definite heterogeneity. The presence of publication bias was interrogated by funnel plot and showed no evidence of bias.
Results
Initial Medline search identified 72 articles published between 1985 and 2002 reporting some information about recanalization in acute cerebral ischemia. Among these, 19 were excluded for the following reasons: data overlapped with data in other articles (5), recanalization assessment took place Ͼ24 hours after onset (5), data were reported on successfully recanalized cases only (5), and insufficient data or case number (4). The remaining 53 studied 2066 patients and reported recanalization information on 1774 patients. Study features are detailed in the Table (and full  citations for the studies are available in supplemental Table I ). Forty-four of the studies were case series, 3 were case-control studies, and 6 were randomized control trials. Recanalization was assessed by catheter angiography in 46 studies. The other 7 studies used transcranial Doppler, magnetic resonance angiography, and single proton emission computed tomography, alone or in combination. Recanalization interventions studied were: intra-arterial fibrinolysis in 30 reports, intravenous fibrinolysis in 14, spontaneous recanalization in 8, endovascular mechanical therapies in 7, and combined IV/IA fibrinolysis in 7. In 13 studies, Ͼ1 treatment method was used.
Continued
Intervention-Specific Recanalization Rates
Overall, recanalization (partial or complete) was achieved in 977 of 1774 patients (55.1%) in whom an active revascularization treatment method was specified. In contrast, the overall spontaneous recanalization rate within 24 hours was 24.1% (61/253).
The recanalization rate with IV fibrinolysis was 46.2% (219/474) overall. One group reported a much higher rate (66.2%, 43/65; PϽ0.01) when IV fibrinolysis was continuously monitored by transcranial Doppler (reference 37 of supplemental Table I ). IA fibrinolysis showed a recanalization rate of 63.2% (549/868), which was substantially higher than the IV fibrinolysis rate (PϽ0.01). The recanalization rate of combined IV/IA thrombolysis did not significantly differ from IA alone (67.5%, 56/83; Pϭ0.45). The highest recanalization rate was observed with mechanical thrombolysis, 83.6% (92/110; PϽ0.01, compared with IA fibrinolysis) (Figure 1) .
Information regarding recanalization rates in specific target vessels was available in 37 studies and 1054 patients. The recanalization rate across all vessels for this subset of patients was 58.9% (621/1054). For middle cerebral artery/anterior cerebral artery vessels, the recanalization rate was 61% (spontaneous 12/54, IV 99/181, IA 259/389, combined IV/IA 24/36, mechanical 40/51, total 434/711). For vertebral and basilar arteries vessels, it was 66.2% (IV 4/5, IA 73/115, combined IV/IA 2/3, mechanical 7/7, total 86/130). The internal carotid artery showed the lowest recanalization rate, at 49.8% (IV 5/36, IA 59/121, combined IV/IA 23/38, mechanical 14/18, total 101/213; PϽ0.01, versus all others).
Limited data were available for the recanalization according to stroke etiologic subtype. Only for cardioembolic stroke mechanism was even modest data available, and the reported recanalization rate was 61.8% (55/89), but a comparison could not be made because other studies did not specify the stroke subtype.
Clinical Outcomes
Clinical outcome data according to occurrence or nonoccurrence of recanalization was available in 33 articles for 998 patients (Figure 2 ). Good outcome was achieved in 58.1% of recanalized patients versus 24.8% of nonrecanalized patients (odds ratio, 4.43; 95% CI, 3.32 to 5.91). In the subgroup of patients in whom occurrence of recanalization was assessed within 6 hours of onset, good outcome was achieved in 50.9% of recanalized patients versus 11.1% of nonrecanalized patients, (odds ratio, 6.36; 95% CI, 3.32 to 12.17). The frequency of fatal outcomes was 14.4% in recanalized patients versus 41.6% in nonrecanalized patients (odds ratio, 0.24; 95% CI, 0.16 to 0.35; Figure 3 ). In the subgroup of recanalization assessment within 6 hours, fatal outcomes occurred in 12.1% of recanalized patients versus 41.1% of nonrecanalized patients (odds ratio, 0.22; 95% CI, 0.10 to 0.51).
Symptomatic Hemorrhage
Information regarding symptomatic hemorrhage linked to recanalization was available in 24 studies for 678 patients. The hemorrhagic transformation rate was 13.7% (49/358) for recanalized versus 12.5% (40/320) for nonrecanalized patients, showing no statistically significant difference (Pϭ0.65).
Discussion
The goal of recanalization therapy in acute ischemic stroke is to improve clinical outcome by restoring anterograde perfusion and salvaging ischemic brain. This systematic review of the literature confirms the wisdom of this strategy, demonstrating that occurrence of early vessel recanalization is linked powerfully to final clinical outcome in acute ischemic stroke. The occurrence of recanalization is associated with a 4-to 5-fold increase in the odds of good final functional outcome and a 4-to 5-fold reduction in the odds of death. The recanalization hypothesis is confirmed. Despite the theoretical limitations and risks of recanalization, rapid restoration of anterograde perfusion and salvage of ischemic brain generally confers substantial benefit.
Across the series studied in this analysis, rates of spontaneous recanalization by 24 hours were substantial, occurring in one-quarter of patients. Other studies have shown that after 24 hours, recanalization continues to occur, appearing in 52.7% (33.3% to 69.6%) of cases up to 1 week after stroke. 9 -11 Late spontaneous recanalization is the most common natural outcome of acute cerebral vascular occlusions. However, only early recanalization while substantial penumbral tissues still persist to be salvaged has a substantial impact on outcome. Most studies we reviewed assessed recanalization at only one time point, often somewhat variable, limiting meta-analytic exploration of the critical time window for recanalization. However, recanalization documented within 6 hours of onset tended to be even more strongly associated with good clinical outcomes than recanalization documented within 24 hours of onset. This finding accords with studies performed with continuous transcranial Doppler monitoring, which suggest that recanalization up to 6 hours after onset will confer benefit in most patients and studies performed with multimodal magnetic resonance or computed tomography imaging indicating that select patients will still harbor substantial residual penumbra beyond 6 hours and benefit from reperfusion. 12 The recanalization rate with IV fibrinolytic therapy was approximately twice the spontaneous rate, but still less than half. This recanalization rate correlates well with the observation that IV fibrinolysis confers clinical benefit in approximately one-third of treated patients. 13 Techniques to enhance this modest recanalization rate are urgently needed to improve intravenous fibrinolytic therapy. Enhanced recanalization has been observed with sonothrombolysis (reference 37 of supplemental Table I ), 14 and multiple strategies of combination pharmacological therapy (eg, fibrinolytic plus a glycoprotein IIb/IIIa antagonist) are undergoing investigation. 15 A substantially higher rate of recanalization occurred in IA fibrinolysis series, with reperfusion achieved in nearly twothirds of cases. The rate of recanalization with combined IV/IA fibrinolysis was similar to that of IA alone, suggesting that it is the IA component of combined therapy that determines the final recanalization rate, although the IV component may increase the speed at which recanalization is achieved in cases re-opening in response to initial intravenous agents.
The predominant mechanical therapy used in the series we analyzed was intracranial angioplasty in Asian populations in whom intracranial atherosclerosis with supervening in situ thrombosis is a common stroke mechanism. The high recan- alization rate achieved, with vessel reopening in 4 of 5 cases, suggests that primary angioplasty is a very promising strategy for intracranial atherothrombosis.
It has often been suggested that recanalization might have a deleterious influence on the hemorrhagic conversion of the infarct, but the pooled data failed to demonstrate an increased rate of hemorrhagic transformation in patients experiencing recanalization. This finding suggests that the severity of the ischemic injury to the blood-brain barrier is an equal or greater determinant of hemorrhagic transformation than whether reperfusion occurs under high orthograde pressure through a recanalized vessel or under less retrograde pressure through collateral vessels. 16, 17 If this is true, then recanalization might prevent hemorrhagic complications in patients when vessel re-opening occurs very early, before advanced end-organ injury, while predisposing to hemorrhagic complications when vessel re-opening occurs late, after loss of vascular integrity.
Recanalization rates differed by vessel site, with more frequent vessel re-opening in middle cerebral artery-anterior cerebral artery and vertebral and basilar arteries than in the intracranial internal carotid artery. Clot burden is likely a major determinant of this site-specific difference in vessel recanalization rates, with the volume of thrombus to be digested by intrinsic or therapeutically administered fibrinolytic agents much larger in the intracranial carotid artery than in the middle cerebral artery-anterior cerebral artery and posterior circulation vessels.
This study has several limitations. We sought data from abstracts and from direct communication with investigators, as well as from full-length published articles; nonetheless, the results are subject to publication bias. Investigators may have reported recanalization and clinical outcome associations when they accorded with expectations and failed to report unexpected results. Because this investigation is a meta-analysis of study-level data, rather than a pooled analysis of individual patient-level data, we could not adjust for baseline imbalances in characteristics between recanalized and nonrecanalized patients. However, the benefits of recanalization therapy in randomized trials suggest that recanalization itself produces good clinical outcomes, rather than simply being a marker of patients bound to have good clinical outcomes. Some studies did not use the modified Rankin scale or other standard measure of disability, so we had to use the most comprehensive global measure of outcome available in lieu of the modified Rankin score.
In general in clinical trials, surrogate end points should be simple to ascertain, easily quantifiable, inexpensive, linked to the biological mechanism of the therapy, and tightly correlated with clinical outcome. 5 Vessel recanalization meets these criteria for surrogacy. For endovascular intervention trials in which catheterization are already a part of the procedure, recanalization is indeed simple to ascertain, easily quantifiable, and inexpensive. With transcranial Doppler, computed tomographic angiography, and magnetic resonance angiography advances, recanalization can also increasingly easily be determined in trials of intravenous therapy. The findings of this meta-analysis now demonstrate the requisite close correlation between early recanalization and late clinical outcomes of direct relevance to the patient, with recanalization within 6 hours of onset increasing the odds of a nondisabled outcome 6-fold. These results lend strong support to the use of restoration of vessel patency as a surrogate end point in phase 2 trials of pharmacological recanalization agents and in trials comparing novel to existing predicate recanalization devices in acute ischemic stroke.
